Owing to the worldwide obesity epidemic and the sedentary lifestyle in industrialized countries, the number of people with metabolic diseases is explosively increasing. Magnetic resonance spectroscopy (MRS), which is fundamentally similar to magnetic resonance imaging, can detect metabolic changes in vivo noninvasively. With its noninvasive nature, 1 H, 13 C and 31 P MRS are being actively utilized in clinical and biomedical metabolic studies to detect lipids and important metabolites without ionizing radiation. 1 H MRS can quantify lipid content in liver and muscle and can detect other metabolites, such as 2-hydroxyglutarate, in vivo. Of interest, many studies have indicated that hepatic and intramyocellular lipid content is inversely correlated with insulin sensitivity in humans. Thus, lipid content can be utilized as an in vivo biomarker for detecting early insulin resistance. Employing 13 C MRS, hepatic glycogen synthesis and breakdown can be directly detected, whereas 31 P MRS provides in vivo adenosine triphosphate (ATP) synthesis rates by saturation transfer methods in addition to ATP content. These in vivo data can be very difficult to assess by other methods and offer a critical piece of metabolic information. To aid the reader in understanding these new methods, fundamentals of MRS are described in this review in addition to promising future applications of MRS and its limitations.
INTRODUCTION
Diabetes mellitus is one of the most common metabolic diseases. According to the World Health Organization (WHO), 347 million people worldwide currently have been diagnosed with diabetes. In industrialized countries with a sedentary lifestyle, the number of diabetic patients is expected to increase at a higher rate. Insulin resistance is a good predictor for the clinical onset of type 2 diabetes mellitus (T2DM) and precedes the disease by many years. To detect early metabolic changes such as developing insulin resistance, noninvasive magnetic resonance (MR) techniques can be an ideal tool for noninvasively monitoring alterations in insulin sensitivity using the lipid content of the liver or muscle as a biomarker in humans and animal models. [1] [2] [3] With the advantage of its noninvasiveness, nuclear magnetic resonance (NMR) has evolved as a powerful medical imaging tool since the development of MR imaging (MRI) in the early 1970s by Lauterbur and Mansfield. 4, 5 In vivo MR spectroscopy (MRS) shares the same fundamentals as MRI and has developed in parallel. It is used to investigate the details of biochemistry and physiology in metabolic diseases in addition to the morphological information assessed by MRI.
To examine metabolic disorders, many clinical and biomedical studies have been conducted using MRS methods, for example, the quantification of hepatic lipid and glycogen content as well as tricarboxylic acid (TCA) cycle or adenosine triphosphate (ATP) synthesis rates in vivo in real time using 1 H, 31 P and 13 C MRS. These data are difficult to assess by other modalities. Together these noninvasive methods can provide crucial information for metabolic studies and clinical research. For clinical studies, the noninvasiveness is a prime advantage of the methods; however, for preclinical research, the ability to perform longitudinal studies without killing animals adds value due to the high cost of transgenic and knockout mice. Thus, this noninvasive approach also helps to reduce the number of animals being killed and to eliminate interanimal variances by longitudinal follow-up of the same animal.
In this review, the most commonly used and promising MRS methods are described, including 1 H, 31 P and 13 C MRS, with a particular emphasis on metabolic diseases.
GENERAL OVERVIEW OF MRI AND MRS: SIMILARITIES AND DIFFERENCES
MRI and MRS data can be obtained using a spectrometer, as shown in Figure 1a , or MRI scanners in hospitals. Among all nuclei, only nonzero nuclear spins (I≠0) are detectable by NMR, for example, 1 H, 31 P and 13 C. As shown in Figure 1b , without a magnetic field (when an animal is outside the range of a magnet), all of the spins are randomly oriented. However, within a magnetic field (inside of a magnet, Figure 1c) , all of the spins are aligned with or against the field. In other words, nuclear spin energy levels are quantified at different levels. When the magnetic fields of all spins are summed, a net longitudinal magnetization is generated parallel to the magnetic field, as shown in Figure 1c .
A radiofrequency coil is a special device that can emit energy and receive signals. A small amount of energy is applied to this net magnetization, causing the magnetization to flip to another orientation, as demonstrated in Figure 1d . However, as soon as this transition occurs, the magnetization tries to return to its original orientation (the thermal equilibrium state as in Figure 1c ) with precession. During this precession, a small amount of energy is emitted and is detected by a receiver. This produces NMR signals, which eventually generate MRS and MRI after Fourier transformation.
Even though MRI and MRS are fundamentally similar, in contrast to MRI the major advantage of MRS originates from chemical shift information, which is another dimension that expresses the degree of shielding by neighboring electrons of a nuclei within one molecule. For example, protons attached to the C2 vs the C1 carbon in ethanol (C (2) H 3 -C (1) H 2 -OH) will have different chemical shifts, as demonstrated in Figure 2b . Thus, the two different types of protons in ethanol can be clearly distinguished in MRS. In contrast, because 70-90% of living tissues are composed of water, a normal MRI is an image of water that is taken at one chemical shift of water protons at 4.7 parts per million (p.p.m.; Figure 2a ). The anatomical structure of an object in MRI is determined by two to three different spatial dimensions, while MRS methods bring in another dimension of data by providing biochemical information of molecules (metabolites) in living systems via chemical shifts.
MRI and MRS: their similarities and differences Proton ( 1 H) MRI and MRS are the most widely utilized methods in metabolic diseases because the signal-to-noise ratio (SNR) of proton MRS/MRI is generally higher than other nuclei. Although the cost for 1 H MRS(/MRI) examinations is higher than computed tomography and ultrasound, this modality is widely used due to the accurate assessment of anatomy and metabolites, such as liver lipids expressed as a percentage by 1 H MRS.
As previously mentioned, MRI and MRS share a common physical background. MRI is an imaging technique employing NMR, while MRS also uses NMR, but is spectroscopy. . When all of the spins are combined, a longitudinal magnetization is generated parallel to the magnetic field. (d) When a small amount of energy is applied to the magnetization by an radiofrequency (r.f.) coil, the magnetization is flipped to another orientation. However, the magnetization tries to return to its original position (the thermal equilibrium (c)) with precession. While in precession, the magnetization also emits energy (d). This energy is detected by a receiver, which generates nuclear magnetic resonance signals.
MRS can offer a quantitative assessment of various metabolites and lipids in living tissue via chemical shift differences of each metabolite that cannot be separately detected by MRI. As demonstrated in Figure 3a (the upper row), MRS data are acquired in a similar fashion as MRI on an MR scanner, but the resulting spectra can show each different metabolite at different chemical shifts from a selected voxel. In the lower row (Figure 3b ), MRI provides several brain slice images with various image contrasts depending on employed pulse sequences and parameters. Therefore, MRI has great strength to reveal anatomical structure, while MRS offers biochemical information about the living tissue. When the two methods are combined, biochemical data of a specific location with morphological information can be assessed. Thus, these techniques provide important information for medicine and its related research.
H MRS H MRS for hepatic lipid quantification
Currently, hepatic lipid content by 1 H MRS is the gold standard measurement and is often utilized for clinical trials to develop new hepatic lipid-lowering drugs and employed in preclinical studies. This technique has received attention in the medical community particularly due to several pragmatic applications. Liver and intracellular muscular lipid content reportedly correlate with insulin resistance, which is the best predictor for the clinical onset of T2DM. Thus, lipid content, as assessed by 1 H MRS, can serve as a surrogate in vivo marker for insulin sensitivity. The principle of this method is simple. As demonstrated in Figure 4b , separate water and lipid signals are easily detected and quantified by 1 H MRS. Lipid signals can be converted to percent (%) lipid relative to water. MRI is also used in addition to this 1 H MRS method to quantify adipose tissue volume such as visceral adipose tissue (sagittal view ( Figure 4c ) and transverse view (Figure 4d) ), which cannot be easily assessed by other imaging methods, for example, dual-energy X-ray absorptiometry.
H MRS for intramyocellular lipids
Another major advantage of muscular lipid measurements by 1 H MRS is the intramyocellular (IMCL) and extramyocellular (EMCL) lipid quantitation without the manual cleaning of EMCL adipose tissue. This separation of the two components is achieved by a bulk magnetic susceptibility effect in soleus and tibialis anterior muscles (Figures 5a and b) , resulting in distinct chemical shifts between IMCL and EMCL due to the different characteristics of fat states, that is, IMCL lipids have a spherical shape (like a lipid droplet), and EMCL lipids form in fiber-like bundles (like a semisolid), which show a strong orientation in parallel with the muscle fibers. 6 Thus, this modality provides not only a noninvasive approach, but it also removes potential quantification errors that originated from incomplete manual EMCL cleaning. Numerous studies have demonstrated a correlation of hepatic lipid content and IMCL with insulin resistance. [1] [2] [3] 7 Furthermore, IMCL assessment by 1 H MRS can also be utilized as an indicator of muscular lipid metabolism during exercise. 8 Compositional analysis of fat by 1 H MRS Recently, fat quantity and composition are receiving attention because of their relevance to metabolism and cardiac diseases. Some previous publications noted that saturated and unsaturated fats can have a different impact on metabolism 9 and are potentially related to cardiac disorders. [10] [11] [12] Thus, noninvasive assessments of fat composition by MRS could also become a powerful tool in relevant research. In tissues where lipid concentrations are very high, such as in bone marrow, fat compositional analysis by 1 H MRS can be powerful. [13] [14] [15] More discussion on this topic will be described in the 13 C MRS section.
P MRS
Overview of 31 P MRS Historically, 31 P MRS has been utilized for the detection of ATP and phosphocreatine (PCr) as early as MRI, in the 1970s. [16] [17] [18] Next to protons, 31 P nuclei demonstrate a high SNR due to the 99% natural abundance of the 31 P isotope. Rates of ATP synthase and forward creatine kinase activity can be assessed in humans and animals using magnetization transfer 31 P MRS. Recently, ATP and other phosphorus metabolite quantities have been related to metabolic alterations, such as those that occur in insulin-resistant T2DM. 19 Moreover, using saturation transfer 31 P MRS, ATP synthesis rates were reportedly reduced in muscles from the elderly and in the offspring of T2DM patients. 20, 21 Thus, both absolute phosphorus metabolite quantities and kinetic information are (d) Transverse image of an abdomen for fat analysis. Subcutaneous and visceral fat were separated (bottom) and the fat content was quantified after converting those images to black-and-white binary images. 1 useful to examine changes in metabolism, aging and diseases by assessing enzyme activities and mitochondrial function. 19-24 31 P MRS has also been utilized in animal models to evaluate the effect of diets on animal models. 24, 25 Another key player in energy metabolism, nicotinamide adenine dinucleotide, can also be detected and analyzed using 31 P MRS. 26 Quantification of phosphorus metabolites and their role as biomarkers In 31 P MRS, many phosphorus metabolites can be detected, including ATP, PCr, phosphocholine, glycerophosphocholine, glucose-6-phospahte (G6P) and others. 27 A family of phosphomonoesters was detected at~6.4-6.6 p.p.m. in Figure 6b , which includes G6P. G6P is an important intermediate for glucose oxidation. There is a defect in glycogen synthesis in muscles of T2DM patients. 28 To find the mechanism(s) behind the defect, Shulman et al measured G6P and found lower G6P concentrations in muscles of T2D patients using 31 P MRS. From the data, they concluded that there was a defect in glucose transport and/or phosphorylation in T2DM patients. 29 Later, a problem in glucose transport was detected in T2DM using 31 P MRS with additional studies. 30 Traditionally, phosphorus metabolites have been well utilized to examine myopathy. For example, Barnes et al. 31 observed increased Pi, a reduced PCr/ATP ratio and elevated pH in muscles of patients with myotonic dystrophy, and Kemp et al. 32 reported mitochondrial dysfunction in muscles using 31 P MRS combined with exercise.
Magnetization transfer 31 P MRS experiment for ATP synthase and forward PCr kinase activity Elegant 31 P MRS magnetization transfer experiments were utilized to assess kinetic information in humans and animals. A series of 31 P studies was conducted to extract ATP synthase rates in animals. 25 A similar study was performed in the elderly and the muscle ATP synthesis rates were slightly reduced compared with the younger subject group. 21 Many other studies utilized saturation transfer 31 P MRS techniques to study the mitochondrial function as mentioned before. [20] [21] [22] [23] [24] [25] Furthermore, another 31 P magnetization transfer technique can assess PCr kinase activity in vivo. This method has been utilized to investigate high-energy phosphate metabolism for skeletal and cardiac muscles as well as the brain in normal and pathologic cases. [33] [34] [35] CONVENTIONAL 13 C MRS AND HYPERPOLARIZED 13 C DETECTION General overview of 13 C MRS The stable carbon isotope 13 C is NMR detectible but naturally occurs at only 1.1% among all carbon isotopes. Thus, the intrinsic SNR for 13 C is much lower than 1 H and 31 P MRS. However, 13 C MRS has a wide chemical shift range, which makes many different carbons easily distinguishable. This characteristic adds to the value of 13 C MRS, such as for glycogen detection. In 1 H MRS, the differentiation of protons attached to C-1 glucose and C-1 glycogen is very challenging due to the proximity of the two signals and overlapping nearby strong water signals. However, in 13 C MRS, the separate detection of C-1 carbons in a glucosyl unit in glycogen and glucose are detectible due to the wide range of chemical shifts (Figure 7a) . Moreover, the time course change in hepatic Hepatic phosphorus metabolites are α-, β-and γ-adenosine triphosphate (ATP), uridine diphosphoglucose (UDPG), nicotinamide adenine dinucleotide (/phosphate) (NADP(/H)), phosphatidylcholine (PtdC), inorganic phosphate (Pi), phosphocholine (PC), phosphoethanol (PE), glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC). MRS, magnetic resonance spectroscopy; r.f., radiofrequency. 27 glycogen was clearly depicted in Figure 7b without any exogenous labeling.
Due to low endogenous natural abundance of 13 C, an exogenously labeled 13 C signal can be easily detectible, enabling pulse-chase-type experiments to be performed. However, without exogenous labeling, 13 C MRS struggles with low SNR. Recently, to overcome low SNR, hyperpolarizing methods have been introduced and demonstrate that SNR enhancement can be achieved by 10 3 -10 4 times in a few selected metabolites. This method potentially will resolve the low SNR issue and contribute to a further broadening of 13 C MRS usage. This will be discussed more in the hyperpolarized 13 C MRS section.
C MRS for glycogen detection
As C-1 liver and muscle glycogen is detectible, this method is utilized to quantify the muscular and hepatic glycogen content during nutrient ingestion or exercise in metabolic studies. Because hepatic glycogen concentration is reasonably high (300-400 mmoles of glucosyl unit per liter of tissue in humans), this method can be performed by either natural abundance or exogenous 13 C labeling. Using this method as described in Figures 7a and b , glycogen breakdown and synthesis rates were determined, and altered glycogen metabolism in T1D was identified. 36, 37 Glycogen storage disease can also be noninvasively identified using the same method. 38 Furthermore, combining these studies with 13 C glucose labeling, further kinetic studies were conducted to estimate liver glycogen rates. 39 Compositional lipid analysis By taking advantage of the wide spectral range, many carbon signals in lipids also can be separately detected using 13 C MRS. 40 As demonstrated in previous publications, the effects on body fat composition by different types of diets were studied using natural abundance 13 C MRS. 40 Differences of each diet were clearly detected: fish oil (polyunsaturated fatty acid; Figure 8a ), normal diet (Figure 8b ) and Lorenzo oil (Figure 8c ). Thus, 13 C MRS can be utilized for noninvasively monitoring dietary effects. 13 C MRS for TCA cycle rates Using exogenous labeled substrates such as C1 glucose and C1 acetate, labeled intermediates in the TCA cycle or relevant intermediates such as glutamate/glutamine can be measured by 13 C MRS, and TCA cycle rates and other important fluxes can be assessed. 41 Moreover, by combining saturated transfer 31 P MRS and TCA cycling, muscle oxidative capacity was reduced in the offspring of T2D compared with controls. 20, 21 Hyperpolarized 13 C MRS Despite many advantages of 13 C MRS, this method suffers from low SNR due to its low natural abundance (1.1%) and low gyromagnetic ratio. Thus, increasing SNR is the prime goal for ppm ppm Figure 8 Dietary effect of PUFA and MUFA diets. The differences in PUFA levels are clearly delineated in peak 2 (double-bond peaks in PUFA) and 3 (methylene peaks in between two double bonds in PUFA) in response to the diets. (a) Spectrum from a subject on PUFA (fish oil) diet for 47 years. (b) Spectrum from a control subject who was not on any special diet. (c) Spectrum from a subject on a MUFA (Lorenzo's oil) diet for 8 years 40 . All of the PUFA peaks (2 and 3 peaks) were increased in a subject that had been on a fish oil diet compared with normal and MUFA diets with reference to peak 1 (all double-bond peaks, including MUFA). MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. 40 13 C MRS users. By hyperpolarizing 13 C spin distribution, the SNR of 13 C MRS can be enhanced on the order of 10 3 -10 4 .
With recent technical advances in nuclear dynamic polarizers, applications of hyperpolarized 13 C MRS have been further demonstrated in animal models, particularly in cancer research due to rapid turnover to lactate with an injection of hyperpolarized C-1 pyruvate. There are two different approaches to hyperpolarize 13 C nuclei: one approach dynamically polarizes 13 C using a dynamic nuclear polarizer and the other approach utilizes chemically induced parahydrogens. Currently, most published in vivo studies have utilized a dynamic nuclear polarizer approach. In brief, this process artificially increases excitable 13 C spins by 10 3 -10 4 times; however, the polarized spins are unstable and will relax back to the thermal equilibrium state. Thus, all MR examinations with hyperpolarized substrates have to compete within an order of the T1 relaxation times to fully exploit the advantage of this method. Because tumor cells predominantly choose anaerobic processes, the most recent publications using hyperpolarized techniques described detecting anaerobic cycle products such as lactate. Because metabolic diseases do not normally demonstrate high concentrations of anaerobic products, aerobic products involving the TCA cycle are of more importance. A recent publication demonstrated that 2-oxyglutarate in the TCA cycle was detected using hyperpolarized pyruvate, 42 which is the first evidence of utilization of this method in aerobic processes. In the future, the utility of this method might increase outside of oncology applications.
Other metabolic biomarkers using 1 H and 13 C MRS As mentioned before, traditional 1 H MRS has been used for various applications, for example, central nervous system diseases, cancer and metabolic diseases. Recently, as a new tumor biomarker, the detection of 2-hydroxyglutarate has been reported by the elegant optimization of 1 H MRS. 43 Mutations in isocitrate dehydrogenases 1 and 2 relate to certain types of gliomas. Indeed, elevated 2-hydroxyglutarate was detected by 1 H MRS in gliomas with isocitrate dehydrogenase mutations. 43 Thus, one can further utilize 1 H(/ 31 P/ 13 C) MRS in the future for detecting specific biomarkers based on unusual enzymatic activities in diseases.
LIMITATIONS AND OUTLOOK
In addition to its noninvasive nature, 1 H, 31 P and 13 C MRS methods have provided unique biochemical information that would be difficult to obtain by other methods. It is anticipated that these modalities will serve to develop more complete phenotypic data in humans and animal models, which will become crucial for personalized medicine in the future. Although MRS is costly compared with other imaging modalities, it has found its specific role in metabolic research due to its biochemical specificity. Furthermore, this method can also detect biochemical intermediates, which can connect biochemistry with systemic physiology, for example, G6P, 2-hydroxyglutarate.
The limitation of this method is that it is often not easy to provide standardized protocols in a clinical setting or animal model studies compared with MRI. These modalities also often require two-channel scanners for proton decoupling, whereas routine clinical MRI scanners are equipped with only one channel.
Moreover, due to low sensitivity, the acquisition time tends to be longer compared with MRI. However, with further technical development in hardware and software, the required time for these methods can be shortened in the future. New specific biomarkers for a disease/metabolic change can also be developed to extend the applications of MRS methods. Furthermore, effective combinations of these MRS methods with other modalities may bring more comprehensive and powerful examinations of metabolic changes.
